Abstract: Using image analysis, chlorophyll autofluorescence was measured in single cells of green alga Monoraphidium dybowskii and in filaments of cyanobacteria (Pseudanabaena sp. and Limnothrix sp.) in the vertical profile of small acidified mountain lake Plešné jezero (Plešné Lake) from May to November of 2003. Cell chlorophyll autofluorescence was converted to cell chlorophyll content using a conversion factor determined by comparing the total autofluorescence of phytoplankton in a microscope field with spectrophotometrically determined total chlorophyll concentration; the conversion factor did not differ between epilimnion (0.5 m depth) and hypolimnion (9 m depth). Vertical patterns of chlorophyll concentration and of cellular chlorophyll content depended on water column mixing: during the period of stable thermal stratification, a metalimnetic peak in total chlorophyll concentration was present and cellular chlorophyll contents in the metalimnion and hypolimnion were notably elevated compared to the surface. Monotonous vertical profiles of both total chlorophyll concentration and cell chlorophyll content were typical for the period of water column overturn. During the stratification period, hypolimnetic Monoraphidium cell chlorophyll content was on average twice as high (maximum difference 2.7-fold) compared to surface values (of 3.2-12.9 fg µm −3 ), while in filamentous cyanobacteria (surface cell chlorophyll content of 2.2-13.3 fg µm −3 ), the difference was much higher -six-fold on average, with an 11.6-fold maximum value. The values measured with image analysis in 2003 were compared to unpublished values of total phytoplankton biomass-specific chlorophyll concentrations obtained using manual phytoplankton biomass determination and spectrophotometric chlorophyll measurement in 1998 at the same locality. Good agreement was found in seasonal patterns and vertical profiles of chlorophyll between both seasons.
Introduction
The chlorophyll content of phytoplankton cells (as expressed per unit of carbon or per unit of biovolume) is known to be highly variable depending on a number of factors including taxonomic affiliation, cell size, light history, temperature, nutrient content, and growth rate -to mention only the most important factors (e.g., Geider, 1987; Geider et al., 1998) . It is no surprise then that in both freshwater and marine environments, phytoplankton chlorophyll content changes in the course of the season as well as along horizontal profiles, and particularly throughout vertical profiles of water columns that involve strong gradients in light, temperature, and nutrient availability.
Interspecies differences in cellular chlorophyll content and in the extent and kinetics of its regulation (especially light acclimation) have been studied extensively in cultures (e.g., Fisher et al., 1996; Six et al., 2004) . However, the contribution of species-specific changes to bulk changes in phytoplankton chlorophyll content in situ have so far been inferred from indirect evidence only (Felip & Catalan, 2000; Veldhuis & Kraay, 2004) .
Rapid and high-throughput chlorophyll assays have lately been based on the measurement of chlorophyll autofluorescence, applied in (spectro)fluorometry and flow cytometry (Neale et al., 1989) , however, the applicability of these measurements at the level of single species is limited. Fluorescence microscopy coupled to image analysis provides a suitable alternative in this respect, as long as species are recognizable on autofluorescence images.
Acidified lakes are generally characterised by simplified foodwebs and reduced biodiversity resulting from acidification stress (Vrba et al., 1996 . In the lake Plešné jezero (Plešné Lake), a small acidified lake in the Bohemian Forest (Šu-mava, Böhmerwald), more than 95% of phytoplankton biomass is consistently formed by three dominant Komárková-Legnerová (Chlorophyceae) and filamentous cyanobacteria Pseudanabeana sp. or Limnothrix sp, frequently accompanied by Peridinium umbonatum Stein (Chrysophyceae). This species composition has been found to be stable over many consecutive seasons, with varying relative proportions among these species and the very occasional appearance of another species in a substantial amount. Considerable seasonal and depth variation in total phytoplankton chlorophyll content have been observed in Bohemian Forest lakes (Nedbalová & Vrtiška, 2000; Nedbalová, unpubl.) . Consequently, the lake is a suitable model locality for studying the changes of cell chlorophyll content in distinct phytoplankton populations using chlorophyll fluorescence, as taxa are readily distinguishable in a fluorescence microscope according to their shape and size.
The aim of this work was to estimate the seasonal and depth patterns of Plešné Lake phytoplankton chlorophyll content at single-cell level using image analysis, and to determine the contribution of phytoplankton species to changes in bulk phytoplankton chlorophyll content.
Material and methods
Plešné Lake is a small acidified mountain lake (maximum depth 19 m) located in the Bohemian Forest, Czech Republic (48 • 47 N, 13
• 52 E), at an altitude of 1087 m a.s.l. . The lake is permanently phosphorus depleted due to aluminium-phosphorus co-precipitation which removes phosphorus from the water column (KOPÁČEK et al., 2000) . The lake was sampled from May to November 2003 at 3-6 week intervals, above the deepest point, samples were taken using a Friedinger sampler from the depths of 0.5, 4, 9, 14, and 17 m. Water samples were filtered through a 200-µm sieve and transported in the dark in a thermally insulated container to the laboratory.
Chlorophyll-a (Chl-a) concentration was determined according to LORENZEN (1967) without correction for phaeopigments. Briefly: duplicate 0.25-L subsamples of water sample were filtered through Whatman GF/C filters (Whatman plc, Brentford, UK), that were stored at −20
Filters were homogenized with a glass homogenizer in a small volume of 90% acetone and pigments were extracted overnight at 4
• C in 9 ml of 90% acetone. The resulting extract was clarified by filtration through Whatman GF/C filters, its volume was adjusted to the final volume of 12 ml, and its absorbance was measured in a 4 cm cuvette. Chl-a concentration was calculated as:
where A663 and A720 are the extract absorbances determined at 663 nm and 720 nm, respectively, v (ml) is the final volume of measured extract, V (L) is volume of water sample filtered, and d (cm) is cuvette length. For the estimation of chlorophyll autofluorescence and phytoplankton cellular biovolume, an image analysis system consisting of a fluorescence microscope Olympus AX-70 (Hg-lamp), a monochromatic digital integrating camera DVC-1300 (DVC, Austin, USA), and a PC-based image analysis software Lucia G/F 4.8 (Laboratory Imaging, Prague, Czech Republic), was used. The method for singlecell fluorescence determination was modified from that published by NEDOMA et al. (2003) . Within 5 hours after sampling, 1-ml subsamples of water samples were filtered through white polycarbonate filters (filtration area diameter of 7 or 11 mm, porosity 1 µm; Poretics, Hydrocomponents & Technologies Inc., Park Center Drive Vista, USA). For mounting of filters to microscope slides, the anti-fading reagent Citifluor AF1 (Citifluor, London, UK) was used, slides were then kept at dark or dim light before image acquisition (for up to 20 min).
From each filter, 15-20 images were captured at randomly selected locations on the filter using a microscope filter set used for visualization of chlorophyll autofluorescence (UMWG; excitation/emission: 510-550 nm / > 590 nm) with a low 200× magnification. The excitation light intensity was reduced to 25% by a neutral density filter to prevent fading of the chlorophyll autofluorescence signal. The images were stored for later semi-automated processing, programmed in a C++ like macro language of the Lucia software. First, a binary image that indicated the positions of the cells was created. We used the method by POSCH et al. (1997) for grey transformation, edge finding, and thresholding. Then, for each binary object (i.e., for each phytoplankton cell or filament), mean grey, area, length, width, and maximum and minimum feret diameters were measured using the built-in functions of the Lucia software. For Monoraphidium cells, biovolume (µm 3 ) was calculated using the ellipsoid model as:
where Min F and Max F are minimum and maximum feret diameters, respectively. For filamentous cyanobacteria biovolume calculation, the following formula was used:
where W and L are filament width and length, respectively. For each individual cell, the chlorophyll fluorescence (F chl , in relative fluorescence units, FU cell −1 ) was calculated using the equation (NEDOMA et al., 2003) :
where Area (µm 2 ) is the cell projected area, MGray (dimensionless) is the mean grey of the cell, BgMGray (dimensionless) is mean grey of background, Gain (dimensionless) and IT (integration time, ms) are the image-specific settings of camera sensitivity, and F cal (dimensionless) is the fluorescence calibration factor. At each sampling date before image acquisition, F cal was determined using a freshly prepared fluorescence standard consisting of a slide with enclosed concentrated fluoresceine (100 g L −1 ) as described by MODEL & BURKHARDT (2001); F cal was defined as the ratio of nominal to actual fluorescence of this standard.
To get estimation of cell chlorophyll content, cell chlorophyll fluorescence, F chl , was multiplied by the chlorophyll conversion factor (CF chl ; units of pg FU −1 ), determined as the ratio of spectrophotometrically determined Single-cell chlorophyll content by image analysis S493 chlorophyll content and total chlorophyll fluorescence occurring on the measured area of the filter:
where
, Am is measured area of filter (µm 2 ), A f is total filter area (µm 2 ), V f is filtered volume (L), and F A chl is total chlorophyll fluorescence of the measured filter area (FU A −1 m ). Manual counting and measuring of phytoplankton cells was performed in 1998. Samples were taken with a van Dorn sampler from surface (0.5 m), metalimnion (3-6.5 m; defined by a drop of temperature and oxygen maximum), 8 m and 17 m. Lugol-fixed samples were inspected in Utermöhl's sedimentation chambers of 25 mm inner diameter and 30 mm height on an inverted microscope (Nikon Diaphot; objectives 40× or 60×), equipped with phase contrast. The whole bottom of a chamber was checked for large algae, transects across the centre of the counting chamber or randomly selected fields were used for counting small species (at least 100 cells counted). Cell dimensions were measured using an electronic calliper connected to a PC (LEGNER & SPRULES, 1993) ; about 30 cells of each taxon were measured, for more details see NEDBALOVÁ & VRTIŠKA (2000) . Filamentous cyanobacteria were quantified using the lineintercept method as described in NEDOMA et al. (2001) . As manual phytoplankton biomass determination in parallel with chlorophyll measurement was performed only once in 2003 (a vertical profile on 10 Sept. 2003), the whole season data for 1998 are published here for comparison.
One-way ANOVA of log-transformed data on single-cell fluorescence (displaying a log-normal distribution) followed with Bonferroni's multiple comparison post-test were used to compare differences in cellular chlorophyll among depths (Prism 4, GraphPad Inc., U.S.A.).
Results
In 2003, when the single-cell image analysis measurements were performed, summer thermal stratification in the Plešné Lake water column developed in May and lasted until August (Fig. 1A) . Complete mixing of the water column occurred on the last sampling date only (3 Nov.) but on 13 Oct. the water column was already well mixed down to a 9 m depth. Secci depth was 1.8 m on 5 May and then varied between 0.9 and 1.3 m for the rest of the sampling season. The 0.5 m sample therefore always corresponded to the euphotic epilimnion while the 4-m sample represented the dark metalimnion below the lower limit of the euphotic layer (cf. Figs 1A, 3B) during the stratification period. Sampling depths 9, 14, and 17 m were located in the hypolimnion (Fig. 1A) . The ratio of euphotic to mixed depth, Z eu /Z mix , was near to 1 in spring, decreased to 0.6-0.8 in summer, and fell to 0.1-0.2 during autumn overturn (Fig. 1A) .
The ratio between total water sample chlorophyll concentration determined spectrophotometrically and total water sample chlorophyll autofluorescence measured with image analysis did not differ substantially between epilimnion (depth 0.5 m; 0.23 ± 0.06 pg chl FU −1 ; seasonal average ± SD) and hypolimnion (depth 9 m; 0.26 ± 0.05 pg chl FU −1 ; seasonal average ± SD), exhibiting no consistent seasonal trend. In all subsequent measurements, single-cell chlorophyll autofluorescence data were therefore converted to cell chlorophyll content using a universal mean conversion factor of 0.25 ± 0.06 pg chl FU −1 . Depth profiles of both total chlorophyll concentration and cell chlorophyll content depended on the temperature depth profile and differed between situations of water column stratification and mixing. Typical depth profiles are shown in Fig. 3 . A deep chlorophyll maximum was regularly present at the depth of 4 m from June to August; it was not yet present on the first sampling date, 5 May, and disappeared during the autumn overturn (Fig. 1B) . Cell chlorophyll content both in Monoraphidium and in filamentous cyanobacteria showed monotonous depth profiles during the autumn overturn, but was significantly elevated in the hypolimnion relative to the surface during the period of thermal stratification (Tab. 1, Figs 2, 3) . Generally, measured from the surface down to the bottom, there was an increase in cell chlorophyll content from the surface to the metalimnion (4 m) and from the metalimion Explanations: a, b, c, d, e -letters indicate statistical significance of differences: identical letters in a column denote a statistically insignificant difference between depths, different letters indicate a significant difference (P < 0.05, ANOVA); 1) ratios of biovolumespecific cell chlorophyll content at specified depths to the corresponding surface values. Actual biomass-specific chlorophyll content fluctuated between 2.2 and 13.3 fg µm −3 at surface and between 4.6 and 29.2 fg µm −3 in deeper strata (cf. Fig. 2 ). to the hypolimnion, where the cellular chlorophyll did not differ substantially among depths (9-17 m).
During the period of stratification, the difference in cell chlorophyll content between surface and hypolimnion was much more prominent in cyanobacteria (three-to twelve-fold) than in Monoraphidium (twofold only; Tab. 1, cf. Fig. 3A) . On a seasonal basis, the hypolimnetic values of chlorophyll content (6.5-24.6 fg µm −3 ) showed much lower seasonal variations than surface values (2.2-13.3 fg µm −3 ). The remarkable summer differences between hypolimnetic and surface cyanobacterial cell chlorophyll content were in the case of cyanobacteria due to its decrease at the surface and increase in the hypolimnion (Fig. 2B) , while in the case of Monoraphidium they were caused by a general increase which was higher in the hypolimnion than in the epilimnion (Fig. 2A) .
In the 1998 season, total phytoplankton biomass and total biomass specific chlorophyll concentration (Fig. 4) (Fig. 2, Tab. 2), and seasonal patterns observed in both years were similar as well (compare Figs 2, 4) . The seasonal average of differences in biovolume-specific chlorophyll between the hypolimnion and the surface was higher in the 1998 period of summer stratification Table 2 . Differences in biovolume-specific chlorophyll concentration calculated either as the ratio of total phytoplankton biovolume (determined by manual counting and measurement) to total chlorophyll concentration measured spectrophotometrically, or from biomass specific cell chlorophyll content measured by image analysis and ratio of biomass of measured taxa. Explanations: n -number of sampling dates; 1) ratios of values at specified depths to the corresponding surface values; 2) seasonal average; 3) seasonal range.
compared to those calculated as Chl-a/biomass ratios in 1998.
Discussion
Fluorescence microscopy coupled to image analysis, employed in the present study to estimate phytoplankton chlorophyll content at single-cell level, proved to be a usable tool for studying cellular chlorophyll content in natural phytoplankton populations. The main finding was that three dominant species of the Plešné Lake phytoplankton, the green alga Monoraphidium dy- . Seasonal development of the total biovolume-specific chlorophyll concentration in different depths of the Plešné Lake in 1998, calculated as the ratio of total chlorophyll concentration measured spectrophotometrically to the total phytoplankton biovolume determined by manual counting and sizing.
bowskii, and the filamentous cyanobacteria Limnothrix sp. and Pseudanabaena sp., differed markedly in the extent of changes in biovolume-specific chlorophyll content in vertical profiles as well as in the course of the season. This conclusion seems to be valid despite the extreme sensitivity of chlorophyll fluorescence measurements to experimental setup and to the physiological state of phytoplankton cells (Cullen, 1982) , because no substantial differences were found in fluorescence/chlorophyll ratios of total phytoplankton samples taken from two depths with contrasting ambient conditions, i.e., surface (epilimnion, high light and temperature, limited nutrient availability) and 9 m (hypolimnion, no light, low temperature, higher nutrient availability). In individual taxons, the observed differences in chlorophyll autofluorescence therefore most likely reflect differences in cellular chlorophyll content. Different taxa may differ substantially in chlorophyll fluorescence yield (Cullen, 1982) and absolute values of cell chlorophyll content in different species should therefore be taken with caution. They could have been biased by using a universal conversion factor between cell fluorescence and cellular chlorophyll in this study and, moreover, by different geometry of measured cells. Relative differences between the cells of a single species in different depths or on different sampling dates, on the other hand, are trustworthy. An additional source of bias might have resulted from photoaclimation of phytoplankton cells occurring during the transport of samples to the laboratory. Considerable changes in chlorophyll content were, however, not probable as photoaclimation is a slow process which takes days rather than hours (Fisher et al., 1996; Geider et al., 1998) . Another limitation of the experimental setup used in this study is that the system optical configuration (excitation/emission wavelengths) was not specific for chlorophyll-a, the results are therefore referred to in terms of chlorophyll content. Felip & Catalan, 2000) , and Ľadové Lake (5-27 fg µm −3 ; Nedbalová et al., 2006) . Also the vertical gradients and seasonal patterns in biovolume-specific cell chlorophyll content reported from the above mentioned and other lakes (Barbiero & Tuchman, 2004) generally agreed well with our Plešné Lake data. Similarly to the Lake Redó (Felip & Catalan, 2000) , also in Plešné Lake elevated chlorophyll to biomass ratio was generally connected with reduced average light availability, which was influenced by seasonal changes in surface irradiance, mixing depth, and position of cells in water column.
Data on cellular chlorophyll content in distinct populations of natural phytoplankton are not available in the literature. In this study, three dominant phytoplankton taxa differed markedly in their contributions to bulk changes in biomass-specific phytoplankton chlorophyll content in Plešné Lake (Tab. 1). The green alga Monoraphidium dybowskii showed only moderate changes in vertical profiles of its cellular chlorophyll content (up to 2.7-fold, two-fold in average; Fig. 2A ), while seasonal changes in its cellular chlorophyll were considerable (up to 4.3-fold, 3.5-fold in average; Fig. 2A ). Chlorophyll content of cyanobacterial filaments, in contrast, varied extremely in vertical profile (up to 11.6-fold, 5.5-fold in average; Fig. 2B ), while its seasonal variability was comparable to that of Monoraphidium (up to six-fold, 3.6-fold in average; Fig. 2B) .
A similar difference between cyanobacteria and eukaryotic algae has been recently reported by Veldhuis & Kraay (2004) for subtropical Atlantic Ocean phytoplankton. The marine cyanobacterium Prochlorococcus showed an extreme capacity for photoaclimation: it displayed a 35-fold difference in cellular chlorophyll between surface and 150 m (0.4-13 fg µm −3 ), this contrasted with only 7-fold variability in cellular chlorophyll content in the total eukaryotic phytoplankton (3.6-18 fg µm −3 ; biovolume-specific content calculated from C : Chl ratios assuming constant carbon content of 0.2 mg mm −3 , Straškrábová et al., 1999). We can speculate that besides the exceptionally high flexibility of cyanobacteria in regulating their chlorophyll content (Six et al., 2004) , the differential effect of other factors might have contributed to the observed differences in vertical patterns of Monoraphidium and cyanobacterial cellular chlorophyll content, e.g. different sedimentation rates and/or photoaclimation Single-cell chlorophyll content by image analysis S497 kinetics or the fact that Monoraphidium was more nutrient limited while cyanobacteria were more light limited. The vertical changes in cellular chlorophyll can include both protection against intensive radiation near the surface and low-light acclimation in deeper strata; the resulting response may have been, moreover, modulated by the opposing effect of low (∼4 • C) hypolimnetic temperature (Geider, 1987) .
The development of vertical differences in cellular chlorophyll content was clearly connected with seasonal changes in the water column mixing pattern (Fig. 3) . The elevated cellular chlorophyll content in the hypolimnion and decreased values at the surface, found in the summer, were most probably caused by the development of a sharp summer temperature stratification (cf. Figs 1A , 3B, C) that prevented the mixing of hypolimnetic and epilimnetic water masses, and, consequently, of light acclimated cells from the epilimnion and dark acclimated cells from the hypolimnion.
An increase in cellular chlorophyll content contributed significantly to the formation of subsurface chlorophyll maxima observed in Plešné Lake in summer 2003 at 4 m (the lower limit of the euphotic layer; Fig. 1B) . The difference in total chlorophyll concentration between surface and metalimnion (4 m) observed in Plešné Lake (three-fold in average) was higher than the corresponding increase in cellular chlorophyll content (two-fold in average), so roughly two thirds of the difference can be attributed to photoaclimation (increase in cellular chlorophyll content) and one third was caused by increased phytoplankton biomass. Maxima in both biomass and total chlorophyll were located at the same depth in Plešné Lake, the decoupling of vertical maxima in biomass and chlorophyll predicted by Fennel & Boss (2003) and documented by Felip & Catalan (2000) was therefore not confirmed in the present study. The most probable reason was insufficient vertical resolution of sampling.
In conclusion, we demonstrated a potential of image analysis coupled to fluorescence microscopy for measurement of single-cell chlorophyll content in natural phytoplankton populations, and documented marked inter-specific differences in depth profiles and in seasonal development of cellular chlorophyll content in a small acidified mountain lake.
